AFRL-RW-EG-TP-201 2-002 

Effects  of  Processing  and  Powder  Size  on 
Microstructure  and  Reactivity  in  Arrested 
Reactive  Milled  Al  +  Ni 


Eric  B.  Herbold2 
Jennifer  L.  Jordan1 
N.N.  Thadhani2 

^ir  Force  Research  Laboratory,  AFRL/RW,  Eglin  AFB,  FL  32542 

2School  of  Materials  Science  and  Engineering,  Georgia  Institute  of  Engineering, 
Atlanta,  GA  30332 


May  2012 

Interim  Report 


This  paper  was  published  in  Acta  Materialia,  October  2011.  One  or  more  of  the  authors  is  a 
U.S.  Government  employee  working  within  the  scope  of  their  position;  therefore,  the  U.S. 
Government  is  joint  owner  of  the  work  and  has  the  right  to  copy,  distribute,  and  use  the 
work.  Any  other  form  of  use  is  subject  to  copyright  restrictions. 

This  work  has  been  submitted  for  publication  in  the  interest  of  the  scientific  and  technical 
exchange.  Publication  of  this  report  does  not  constitute  approval  or  disapproval  of  the 
ideas  or  findings. 


Distribution  A:  Approved  for  public  release;  distribution  unlimited. 
Approval  Confirmation  96  ABW/PA  #  96ABW-201 1-003,  dated 
January  14,  2011 


AIR  FORCE  RESEARCH  LABORATORY,  MUNITIONS  DIRECTORATE 

Air  Force  Materiel  Command  ■  United  States  Air  Force  ■  Eglin  Air  Force  Base 


NOTICE  AND  SIGNATURE  PAGE 


Using  Government  drawings,  specifications,  or  other  data  included  in  this  document  for  any 
purpose  other  than  Government  procurement  does  not  in  any  way  obligate  the  U.S.  Government. 
The  fact  that  the  Government  formulated  or  supplied  the  drawings,  specifications,  or  other  data 
does  not  license  the  holder  or  any  other  person  or  corporation;  or  convey  any  rights  or  permission 
to  manufacture,  use,  or  sell  any  patented  invention  that  may  relate  to  them. 


Qualified  requestors  may  obtain  copies  of  this  report  from  the  Defense  Technical  Information 
Center  (DTIC)  (http://www.dtic.mil). 


AFRL-RW-EG-TP-20 12-002  HAS  BEEN  REVIEWED  AND  IS  APPROVED  FOR 
PUBLICATION  IN  ACCORDANCE  WITH  ASSIGNED  DISTRIBUTION  STATEMENT. 


FOR  THE  DIRECTOR: 


WHITE. HOWAR 
D.G. 1230779062 


Digitally  signed  by 
WHITE.HOWARD.G.1 230779062 
DN:  c=US,  o=U.S.  Government,  ou=DoD, 
ou=PKI,  ou=USAF, 
cn=WHITE.HOWARD.G.1 230779062 
Date:  2012.05.08  10:12:31  -05'00' 


VARNER. CHRISTO 
PHER.L.1 26566454 
3 


Digitally  signed  by 

VARNER.CHRISTOPHER.L1 265664543 
DN:  c=US,  o=U.S.  Government,  ou=DoD, 
ou=PKI.  ou=USAF, 

cn=VARNER.CHRISTOPHER.L.  1 265664543 
Date:  2012.05.02  06:52:29  -05'00' 


JORDAN. JENNIF 
ER.L.1265297915 


Digitally  signed  by 
JORDAN.JENNIFER.L.1 26529791 5 
DN:  c=US,  o=U.S.  Government,  ou=DoD, 
ou=PKI,  ou=USAF, 

cn=JORDAN.JENNIFER.L.1 26529791 5 
Date:  201 2.05.08  07:41 :58  -05'00' 


HOWARD  G.  WHITE,  PhD 
Technical  Advisor 
Ordnance  Division 


CHRISTOPHER  L.  VARNER 
Branch  Chief 

Energetic  Materials  Branch 


JENNIFER  L.  JORDAN,  PhD 
Project  Manager 
Energetic  Materials  Branch 


This  report  is  published  in  the  interest  of  scientific  and  technical  information  exchange,  and  its 
publication  does  not  constitute  the  Government’s  approval  or  disapproval  of  its  ideas  or  findings. 


l 


This  page  intentionally  left  blank 


n 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a 
currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

05-2012  Interim 

3.  DATES  COVERED  (From  -  To) 

October  2009  -  February  2011 

4.  TITLE  AND  SUBTITLE 

Effects  of  Processing  and  Powder  Size  on  Microstructure  and  Reactivity  in 

Arrested  Reactive  Milled  A1  +  Ni 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

62102F 

6.  AUTHOR(S) 

Eric  B.  Herbold2,  Jennifer  L.  Jordan1,  N.N.  Thadhani2 

5d.  PROJECT  NUMBER 

4347 

5e.  TASK  NUMBER 

95 

5f.  WORK  UNIT  NUMBER 

05 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

'Air  Force  Research  Laboratory,  AFRL/RW,  Eglin  AFB,  FL  32542 

2School  of  Materials  Science  and  Engineering,  Georgia  Institute  of  Engineering,  Atlanta, 

GA  30332 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

AFRL-RW-EG -TP-20 12-002 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory,  Munitions  Directorate 

Ordnance  Division 

Energetic  Materials  Branch  (AFRL/RWME) 

Eglin  AFB  FL  32542-5910 

Technical  Advisor:  Dr.  Jennifer  L.  Jordan 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

AFRL-RW-EG 

11.  SPONSOR/MONITOR’S  REPORT 

NUMBER(S) 

AFRL-RW-EG -TP-20 12-002 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Distribution  A:  Approved  for  public  release;  distribution  unlimited.  Approval  Confirmation  96  ABW/PA  #  96ABW-201 1-003,  dated 
January  14,  2011 

13.  SUPPLEMENTARY  NOTES 

DISTRIBUTION  STATEMENT  INDICATING  AUTHORIZED  ACCESS  IS  ON  THE  COVER  PAGE  AND  BLOCK  12  OF  THIS  FORM. 

14.  ABSTRACT 

Ball-milling  Al-metal  powders  can  result  in  self-sustaining  high-temperature  synthesis  in  intermetallic-forming  systems. 

Here,  A1  and  Ni  powders  with  similar  composition  are  used  to  investigate  how  microstructural  differences  affect  the 
measured  time  to  reaction  (TTR)  between  powders  of  different  sizes  processed  under  milling  conditions  specified  by 
statistically  designed  experiments.  Linear  statistical  models  predicting  the  TTR  and  the  change  in  temperature  (DT)  are  built 
from  these  experimental  results.  The  time  required  to  observe  a  self-sustained  high-temperature  synthesis  of  NiAl  with 
different  combinations  of  the  powders  and  ball-milling  conditions  vary  by  almost  an  order  of  magnitude.  Comparisons  of 
powders  milled  to  times  corresponding  to  percentages  of  their  averaged  TTR  show  similar  reaction  initiation  temperatures 
despite  the  difference  in  total  milling  time.  Several  distinct  arrested  reactions  within  the  powder  grains  exhibit  rapid 
solidification  or  incomplete  diffusion  of  Ni  into  Al,  forming  porous  Ni-rich  layered  structures.  The  partially  reacted 
grains  suggest  that  the  composite  laminate  particles  are  not  forming  intermetallic  on  the  grain  scale,  but  on  the  localized  scale 
between  layers. 

15.  SUBJECT  TERMS 

High-energy  ball-milling;  Self-propagating  high-temperature  synthesis;  Differential  scanning  calorimetry;  X-ray  diffraction 

16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 


b.  ABSTRACT 


c.  THIS  PAGE 


17.  LIMITATION 
OF  ABSTRACT 


18.  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 
OF  PAGES  Jennifer  L.  Jordan 

19b.  TELEPHONE  NUMBER  (include  area 


UL 


code) 

850-882-8992 


iii 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


19 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


This  page  intentionally  left  blank 


IV 


ARTICLE  IN  PRESS 


g-4-aMifr 

ELSEVIER 


Available  online  at  www.sciencedirect.com 

ScienceDirect 

Acta  Materialia  xxx  (2011)  xxx-xxx 


Acfa  MATERIALIA 


www.elsevier.com/locate/actamat 


Effects  of  processing  and  powder  size  on  microstructure  and  reactivity 

in  arrested  reactive  milled  A1  +  Ni 

E.B.  Herbold  a,b’*,  J.L.  Jordan  a,  N.N.  Thadhanib 

a  High  Explosives  Research  and  Development  Branch,  Munitions  Directorate,  Air  Force  Research  Laboratory,  Eglin  AFB,  FL  32542,  USA 
b  School  of  Materials  Science  and  Engineering,  Georgia  Institute  of  Technology,  Love  Manufacturing  Building,  771  Ferst  Drive,  Atlanta,  GA  30332,  USA 

Received  8  February  2011;  received  in  revised  form  14  June  2011;  accepted  13  July  2011 


Abstract 

Ball-milling  Al-metal  powders  can  result  in  self-sustaining  high-temperature  synthesis  in  intermetallic-forming  systems.  Here,  A1  and 
Ni  powders  with  similar  composition  are  used  to  investigate  how  microstructural  differences  affect  the  measured  time  to  reaction  (TTR) 
between  powders  of  different  sizes  processed  under  milling  conditions  specified  by  statistically  designed  experiments.  Linear  statistical 
models  predicting  the  TTR  and  the  change  in  temperature  (AT)  are  built  from  these  experimental  results.  The  time  required  to  observe 
a  self-sustained  high-temperature  synthesis  of  NiAl  with  different  combinations  of  the  powders  and  ball-milling  conditions  vary  by 
almost  an  order  of  magnitude.  Comparisons  of  powders  milled  to  times  corresponding  to  percentages  of  their  averaged  TTR  show  sim¬ 
ilar  reaction  initiation  temperatures  despite  the  difference  in  total  milling  time.  Several  distinct  arrested  reactions  within  the  powder 
grains  exhibit  rapid  solidification  or  incomplete  diffusion  of  Ni  into  Al,  forming  porous  Ni-rich  layered  structures.  The  partially  reacted 
grains  suggest  that  the  composite  laminate  particles  are  not  forming  intermetallic  on  the  grain  scale,  but  on  the  localized  scale  between 
layers. 

Published  by  Elsevier  Ltd.  on  behalf  of  Acta  Materialia  Inc. 

Keywords:  High-energy  ball-milling;  Self-propagating  high-temperature  synthesis;  Differential  scanning  calorimetry;  X-ray  diffraction 


1.  Introduction 

High  energy  ball-milling  has  been  used  extensively  to 
intimately  mix  metal-metal  or  metal-metal-oxide  powders. 
The  powder  is  processed  through  repeated  impacts  of  a 
“grinding”  media  usually  made  from  elastically  deforming 
spherical  balls  enclosed  in  a  sealed  container;  this  process¬ 
ing  produces  materials  with  highly  refined  microstructures, 
enhanced  strength  or  metastable  phases  [1-16].  This  tech¬ 
nique  has  been  shown  to  synthesize  intermetallic  com¬ 
pounds  resulting  from  gradual  and  explosive  formation 
at  the  grain  level  [3,4,6,9-13].  A  self-sustained  high-temper- 
ature  synthesis  (SHS)  of  intermetallics  may  release  large 
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amounts  of  heat  during  intermetallic  phase  formation  on 
the  order  of  that  released  by  explosives  [17].  The  gasless 
reaction  from  reactive  milled  (RM)  experiments  forming 
nickel  aluminides  [3,4,6,8-10,12,15,16,18,19],  titanium- 
based  alloys  [5]  and  combustion  reactions  in  metal-metal- 
oxides  [11,13,14]  in  a  ball-mill  are  several  examples  of 
materials  that  exhibit  SHS. 

The  microstructure  within  ball-milled  powder  grains  is 
highly  heterogeneous  and  is  refined  during  processing  until 
reaction  occurs.  The  refinement  process  consists  of  the  cold 
welding  of  powder  grains  within  the  contact  areas  where 
balls  either  impact  with  one  another  or  with  the  walls  of 
the  vessel  [5,8,21],  Prior  to  reaction,  the  particle  micro¬ 
structure  may  consist  of  many  layers  due  to  the  flattening 
of  the  particles  for  materials  of  relatively  high  deformabi- 
lity.  Many  investigations  have  been  reported  on  the  kinet¬ 
ics  of  reaction  in  idealized  multilayered  intermetallic 
systems  that  may  be  applicable  to  the  reactions  observed 
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in  ball-milled  powder  particles  [17-19,22,24,25].  It  was 
shown  in  Ref.  [17]  that  reaction  propagation  velocities  in 
sputter-deposited  Al/Ni  and  Al/Monel  are  affected  by  the 
layer  thickness,  temperature  and  intermixing  at  the  mate¬ 
rial  interface.  Additionally,  the  heat  of  reaction  was  found 
to  be  lower  for  laminate  thicknesses  less  than  50  nm  due  to 
the  amount  of  interfacial  mixing  [17].  Atomistic  simula¬ 
tions  of  Al/Ni  nanolaminates  under  shock  loading  have 
shown  that  the  introduction  of  voids  either  at  the  interface 
of  the  layers  or  within  the  Al  enhanced  the  rate  of  interme- 
tallic  reaction  [26],  By  comparison,  prerequisite  conditions 
for  reaction  in  Al/Ni  powders  observed  in  high-energy  ball¬ 
milling  are  a  suitable  reduction  in  the  layer  thickness,  and  it 
has  been  suggested  that  solid-state  diffusion  times  are 
decreased  by  several  orders  of  magnitude  as  defect  densities 
increase  [8,27]. 

Recent  investigations  show  that  arrested  reactive  milling 
(ARM)  techniques  can  be  used  to  ball-mill  constituent 
powders  to  a  point  where  they  are  well  blended  but  have 
not  reacted;  this  constitutes  an  important  class  of  candidate 
materials  for  heat  sources  in  joining  applications  [17]  or 
additions  to  explosive  materials  [20,28-31].  The  layers 
within  the  particles  may  exhibit  a  very  high  defect  density 
depending  on  the  impact  energy  of  the  grinding  media 
against  the  vessel  walls  and  the  deformability  of  the  constit¬ 
uent  powders,  which  changes  with  each  subsequent  impact. 

In  our  recent  work,  it  was  shown  that  the  reaction  initi¬ 
ation  threshold  in  mixed  and  ball-milled  Ni  +  Al  powders1 
under  high-rate  mechanical  loading  depends  on  the  micro¬ 
structure  within  the  powder  particles  and  the  level  of 
strain-hardening,  which  change  as  a  function  of  processing 
time  [18],  Comparisons  between  mixed  and  ball-milled 
powders  showed  a  reduction  in  the  mechanically  induced 
reaction  initiation  for  moderate  milling  times  that  is  attrib¬ 
uted,  in  part,  to  the  high  specific  surface  area  between  con¬ 
stituent  materials.  However,  upon  further  milling  and 
corresponding  reduction  in  layer  thickness  within  the  pow¬ 
der  grains,  the  reduced  ductility  resulted  in  a  higher 
mechanically  activated  reaction  initiation  threshold.  Thus, 
the  optimum  amount  of  ball-milling  was  found  to  depend 
on  the  grain  microstructure  and  the  level  of  strain  harden¬ 
ing.  This  dependence  is  sensitive  to  the  ball-milling  process 
variables,  which  is  addressed  in  this  investigation. 

Here  we  investigate  high-energy  ball-milling  of  nomi¬ 
nally  spherical  Ni  and  Al  powders  in  an  equiatomic  ratio 
and  vary  particle  sizes  and  ball-milling  conditions  to  com¬ 
pare  the  microstructural  differences  and  reaction  character¬ 
istics  of  ARM  materials.  The  time  required  to  observe  SHS 
with  different  combinations  of  the  powders  and  ball-milling 
conditions  shown  here  vary  by  almost  an  order  of  magni¬ 
tude.2  Here  the  time  to  reaction  (TTR)  is  used  as  a  basis 
for  comparison  between  the  powders,  which  will  be  useful 


1  The  powders  investigated  in  Ref.  [18]  are  identical  to  those  discussed 
herein. 

2  This  is  shown  in  Table  2  by  comparing  the  time  to  reaction  values  from 
Experiments  10  and  17. 


in  both  thermal  and  X-ray  analysis.  Three  materials  are 
selected  to  determine  the  average  TTR  for  given  particle 
sizes  and  milling  conditions  to  compare  the  powders  as  a 
function  of  milling  time  needed  for  SHS.  The  temperature 
change  on  the  outside  of  the  vessel  containing  the  powder  is 
also  measured  and  used  to  indicate  the  specific  energy 
release  during  alloy  formation.  The  resulting  NiAl  powder 
grains  show  signs  of  melting  and  void  creation,  as  expected, 
and  several  partially  reacted  powder  grains  are  shown  and 
discussed. 

2.  Experimental  methods 

2.1.  Ball-nulling 

For  each  ball-milling  operation,  the  powders,  stainless 
steel  grinding  media  and  process  control  agent  (PC A)  were 
loaded  and  unloaded  into  a  stainless  steel  vial  within  a 
glovebox  filled  with  Ar.  Although  Ar  has  been  shown  to 
increase  the  ambient  temperature  within  the  vial,  it  is  used 
to  prevent  nitride  or  oxide  formation  (see  Chapter  15  in 
Ref.  [27]).  Four  stainless  steel  vials  were  used  at  random 
to  reduce  the  dependence  of  milling  on  any  contaminant 
deposits  or  difference  in  roughness  on  the  inside  surfaces. 
It  is  shown  in  Ref.  [32]  that  contamination  is  an  order  of 
magnitude  less  when  using  stainless  steel  vials  and  grinding 
media:  0.35%  Fe  contamination  was  reported  for  8  h  of 
continuous  milling  [21].  Each  ball-milling  experiment  is 
performed  with  a  molar  ratio  of  Ni0.5Al0  5  with  three  differ¬ 
ent  Ni  powders  (Ni:  5-15  pm,  —300  mesh,  —150  +  200, 
99.8%  pure,  Alfa  Aesar)  and  Al  powders  (Al:  H2,  H30, 
H50,  99.7%  pure,  Valimet,  Inc.).  The  powder  was  milled 
in  a  SPEX-8000  shaker  mill  (SPEX  CertiPrep®  Group) 
with  varying  amounts  of  stearic  acid  as  a  percentage  of 
the  total  powder  mass  (95%  reagent  grade.  Sigma  Aldrich) 
[5].  A  recent  investigation  shows  that  varying  the  milling 
intensity  by  grinding  powders  with  media  of  different  den¬ 
sity  affects  the  degree  of  refinement  and  subsequent  reac¬ 
tion  [14],  Here,  changing  the  size  of  the  milling  media 
varies  the  milling  intensity.  Fresh  grinding  media  is  used 
for  each  experiment  to  aid  in  the  reduction  of  Fe  contam¬ 
ination  due  to  surface  deterioration  [8,27]. 

In  total,  seven  variables  are  considered:  the  diameter  of 
the  grinding  media  (db  (mm)),  the  charge  ratio  (i.e.  mass  of 
grinding  media  to  the  mass  of  powder,  rhp),  the  total  pow¬ 
der  mass  (mp  (g)),  the  controlled  temperature  ( T,  (°C)),  the 
size  of  the  Ni  and  Al  powders  (c/Ni  and  dM  (pm)),  and  the 
amount  of  PCA  {my.(A/m/,).  Testing  each  variable  at  two 
different  levels  would  require  128  experiments  to  quantify 
the  individual  or  combined  effects  these  changes  have  on 
the  measured  TTR  and  the  temperature  change  of  the  vial. 
Design  and  analysis  experiments  principles  were  used  to 
systematically  reduce  the  number  of  experiments  while 
maintaining  as  much  information  as  possible  for  quantita¬ 
tive  analysis  [33],  These  principles  allow  us  to  quantify  our 
results  while  changing  more  than  one  variable  at  a  time  (i.e. 
a  factorial  design).  The  term  “designed  experiments”  is 
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Table  1 

Experimental  plan  for  milling  1:1  Ni  +  Al  powders.  Experiments  17-39  are  part  of  the  designed  experiments.  The  PCA  was  stearic  acid  (CisET^CE)  and 
was  added  as  a  percentage  of  the  total  powder  mass. 


Experiment  no. 

Ball  diameter 
(mm) 

Charge  ratio 

Powder  mass 

(g) 

Controlled  temperature 
(°C) 

Al  ( pm) 

Ni  (mesh 
(pm)) 

%  PCA*  (%) 

10 

5.56 

10 

10 

32 

50 

-150  +  200 

1 

17 

7.94 

2.5 

20 

32 

50 

-150  +  200 

1 

18 

3.18 

5.5 

20 

32 

50 

[5-15] 

7 

19 

7.94 

5.5 

20 

32 

2 

[5-15] 

1 

22 

5.56 

4.0 

15 

27 

30 

-300 

4 

21 

3.18 

2.5 

20 

21 

2 

[5-15] 

1 

23 

3.18 

5.5 

10 

21 

2 

[5-15] 

7 

24 

7.94 

2.5 

20 

21 

50 

[5-15] 

7 

25 

3.18 
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used  in  this  paper  to  acknowledge  use  of  a  factorial  design. 
A  resolution  3  fractional  factorial  design  of  experiments 
(DOE)  with  replicated  center  points  is  shown  in  Table  1 
where  the  reduction  in  the  number  of  experiments  is 
achieved  at  the  expense  of  aliasing  main  effects  with  two- 
factor  interactions.  A  full  explanation  of  this  design  is 
beyond  the  scope  of  this  paper,  but  can  be  found  in  Ref. 


Time  [s] 


Fig.  1.  Typical  temperature  measurements  from  the  thermocouples  during 
ball-milling  taken  from  Experiment  29.  The  two  curves  marked  by  (1)  are 
the  temperature  measured  at  the  bottom  (top  curve)  and  top  (bottom 
curve)  of  the  cylindrical  vial.  The  temperature  profile  of  the  coolant 
entering  (curve  (2))  and  leaving  (curve  (3))  the  cooling  coil. 


[33].  Regression  analysis  of  the  factors  affecting  the  TTR 
is  performed  with  Design  Expert  software  [34]. 

Two  thermocouples  (Omega,  SA2F-K)  with  a  USB- 
5201  data-logging  device  (Measurement  Computing  Corp.) 
are  attached  to  a  1  mm  thick  Cu  plate  mounted  between 
the  bottom  of  the  vial  and  the  clamp  for  redundant  temper¬ 
ature  monitoring  with  a  program  written  in  LabView.  The 
ball-mill  is  equipped  with  temperature  control  using  a 
Cole-Parmer  polystat  chiller  running  ethylene  glycol  and 
water  (1:1  volume  ratio)  through  polyethylene  tubing  flow¬ 
ing  through  a  custom  Cu  coil  with  1 1  turns.  The  tempera¬ 
ture  is  automatically  adjusted  via  a  servo-actuated  valve  to 
increase  or  decrease  the  flow  of  coolant.  The  mill  motor  is 
turned  off  automatically  at  the  detection  of  a  specified  crit¬ 
ical  temperature,  indicating  reaction  was  achieved  (see 
Fig.  1).  A  time  limit  was  specified  at  8  h  such  that  the 
motor  would  cease  operation  if  reaction  had  not  occurred. 
In  the  event  that  the  mill  stopped  for  any  reason  other  than 
a  reaction  before  this  time,  the  experiment  was  repeated  to 
obtain  a  TTR  from  continuous  milling. 

2.2.  Powder  characterization 

The  particle  morphology  is  visualized  by  scanning  elec¬ 
tron  microscopy  (SEM)  using  backscattered  and  secondary 
electron  images  from  a  JEOL  JSM-5900LV  microscope, 
and  analyzed  by  energy  dispersive  spectrometry  (EDS) 
(Oxford  Link  ISIS).  The  powders  are  embedded  within  an 
epoxy  matrix  and  then  polished  to  investigate  the  subgrain 
microstructure.  The  powder  phase  composition  was  deter- 
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mined  using  X-ray  diffraction  (XRD)  results  from  a  Philips 
X’Pert  Pro  MPD  powder  diffractometer  operated  at  50  kV 
and  20  mA  with  Cu  Ka  radiation  at  1.5418  A.  Soller  slits  of 
0.04  rad  with  a  10  mm  mask  were  used  to  limit  the  axial 
divergence  of  the  beam.  Thermal  characterization  of  the 
arrested  reactive  milled  powders  is  performed  with  a  Met- 
tler-Toledo  TGA/DSC  STARe  system  at  20  Kmin-1  with 
1 10  ml  argon  flowing  over  the  furnace  and  a  A1203  crucible. 


3.  Results 

3.1.  Ball-milling  temperature  measurements 

The  measured  results  from  the  designed  experiments 
shown  in  Table  1  are  listed  in  Table  2.  The  variation  in 
the  measured  composition  of  powders  is  less  than  1%, 
which  should  not  prohibit  the  intermetallic  reaction  since 
it  may  take  place  above  or  below  its  stoichiometric  ratio 
[9].  The  measured  mass  of  the  grinding  media  and  powders 
are  given  along  with  the  temperature  change,  measured  as 
the  relative  height  of  the  temperature  spike  from  the  ther¬ 
mocouples  shown  by  the  peak  with  a  height  of  24  °C 
around  9500  s  in  Fig.  1  for  Experiment  29.  Table  2  shows 
that  reactions  occur  within  8  h  for  PC  A  levels  of  1%  or 
lower.  Higher  levels  of  stearic  acid  reduce  the  level  of  cold 
welding  at  the  surface  of  deforming  particles,  which  pro- 

Table  2 

Sample  preparation  measurements  corresponding  to  the  designed  exper¬ 
iments  presented  in  Table  1.  Temperatures  in  parenthesis  indicate  the 
temperature  change  due  to  the  intermetallic  reaction  during  continuous 
ball-milling.  The  time  to  reaction  indicates  that  many  of  the  experiments 
were  terminated  at  the  specified  8  h  time  limit. 


Experiment 

no. 

Mass 

balls 

(g) 

Mass 

Al 

(g) 

Mass 
Ni  (g) 

Mass 

PCA 

(g) 

Mean 

temperature 
(AD  (°C) 

Time  to 
reaction 

(s) 

10 

100 

3.15 

6.85 

0.10 

32  (23) 

4740 

17 

49.98 

6.299 

13.702 

0.200 

32  (45) 

25,416 

19 

109.6 

6.299 

13.702 

0.201 

32  (37) 

15,588 

22 

60.28 

4.718 

10.261 

0.592 

27 

>28,800 

21 

50.00 

6.268 

13.800 

0.197 

21 

>28,800 

23 

55.00 

3.138 

6.812 

0.707 

21 

>28,800 

24 

49.81 

6.285 

13.704 

1.412 

21 

>28,800 

25 

25.00 

3.142 

6.844 

0.702 

21 

>28,800 

26 

25.84 

3.149 

6.834 

0.699 

32 

>28,800 

27 

60.28 

4.719 

10.331 

0.594 

27 

>28,800 

28 

55.84 

3.145 

6.847 

0.700 

32 

>28,800 

29 

55.91 

3.145 

6.854 

0.103 

21  (24) 

9525 

30 

110.0 

6.291 

13.703 

0.200 

21  (37) 

21,065 

31 

60.29 

4.721 

10.276 

0.601 

27 

>28,800 

32 

25.93 

3.156 

6.849 

0.098 

21  (25) 

11,696 

33 

25.00 

3.147 

6.846 

0.105 

32 

>28,800 

34 

110.0 

6.301 

13.705 

1.395 

21 

>28,800 

35 

54.97 

3.146 

6.855 

0.106 

32  (22) 

12,708 

36 

50.02 

6.297 

13.702 

1.399 

32 

>28,800 

39 

60.29 

4.723 

10.275 

0.085 

27  (28) 

12,454 

43 

55.76 

3.149 

6.848 

0.105 

21  (22) 

10,951 

44 

25.99 

3.152 

6.854 

0.102 

21  (23) 

12,534 

45 

54.99 

3.147 

6.849 

0.100 

32  (21) 

11,948 

46 

55.99 

3.147 

6.851 

0.098 

21  (21) 

9412 

47 

25.907 

3.149 

6.849 

0.109 

21  (22) 

13,665 

48 

54.991 

3.152 

6.849 

0.100 

32  (21) 

11,946 

motes  microstructural  refinement,  but  increases  the  TTR 
at  and  above  4%.  It  has  also  been  shown  recently  that 
increasing  levels  of  PCA  from  2%  to  4%  decreases  the  sol¬ 
ubility  of  supersaturated  Mg  in  Al  by  5%  at  intermediate 
times  of  milling  between  2  and  8  h  [14]. 

In  the  second  to  last  column  of  Table  2,  the  temperature 
change  (AT)  due  to  reaction  ranges  from  21  to  45  °C.  This 
quantity  is  scaled  by  the  mass  of  the  powder  and  shown  in 
Fig.  2  plotted  as  a  function  of  the  TTR.  The  value  of  AT  is 
the  difference  between  the  maximum  temperature  and  the 
controlled  temperature  (see  the  peak  amplitude  in  Fig.  1). 
Each  data  point  is  labeled  with  its  experimental  number 
for  comparison  with  Tables  1  and  2.  The  point  sets  marked 
with  O,  □,  or  x  indicate  the  repetition  of  experiments  29, 
32  and  35,  respectively.  The  y  marker  indicates  the  remain¬ 
ing  points.  Assuming  the  specific  heat  is  the  same  for  all  pow¬ 
ders,  this  figure  also  indicates  the  variation  in  specific  energy 
release  detected  during  reaction,  which  is  approximately 
30%.  It  should  be  mentioned  that  reactions  using  20  g  of 
Ni  and  Al  were  observed  within  8  h  with  charge  ratios  as 
low  as  2.5  (see  Experiment  17)  and  in  the  case  of  Experiment 
19,  the  powder  formed  a  melt  pool  within  the  vial,  whereas  all 
other  reactions  resulted  in  NiAl  powder. 

3.2.  Evolution  of  the  powder  microstructure 

Experiments  29,  32  and  35  were  selected  to  compare  the 
microstructural  differences  due  to  varying  particle  and  mill- 


time  to  rxn  [hr] 


Fig.  2.  The  measured  temperature  change  from  reaction  during  milling  is 
scaled  by  the  mass  of  the  powder  and  plotted  as  a  function  of  the  time  to 
reaction.  The  value  of  A  T  is  the  difference  between  the  maximum 
temperature  and  the  controlled  temperature  (see  the  peak  amplitude  in 
Fig.  1).  Each  data  point  is  labeled  with  its  experimental  number  for 
comparison  with  Tables  1  and  2.  The  point  sets  marked  with  O,  □,  or  x 
indicate  the  repetition  of  Experiments  29,  32  and  35,  respectively.  The  y 
marker  indicates  the  remaining  points.  Assuming  the  specific  heat  is  the 
same  for  all  powders,  this  figure  also  indicates  the  variation  in  specific 
energy  release  detected  during  reaction,  which  is  approximately  30%. 
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iiig  media  sizes  and  were  repeated  to  determine  the  average 
TTR,  which  are  listed  in  Table  3.  Powders  milled  with  these 
specific  milling  conditions  and  particle  sizes  are  designated 
as  ARM1  (data  columns  1-3  in  Table  3),  ARM2  (columns 
4—6)  and  ARM3  (columns  7-9).  The  TTR  was  reproducible 
within  10%  and  this  average  value  is  used  in  subsequent 
ARM  experiments  to  quantify  how  long  the  powders  have 
been  processed  with  respect  to  the  known  milling  time 
needed  for  reaction  (e.g.  ARM1-ARM3  powders  were 
milled  for  35%  and  65%  TTR).  Subsequent  ball-milling 
experiments  were  performed  as  a  percentage  of  these  aver¬ 
age  TTR  values  for  microstructural  evaluation,  which  is 
listed  with  the  powder  and  milling  media  mass  measure¬ 
ments  in  Table  4,  and  processing  conditions  in  Table  1. 

The  initial  Ni  and  Al  powders  are  shown  in  Fig.  3a  and 
b;  the  particles  are  nominally  spherical  and  differ  in  size  by 
about  a  factor  of  10  times.  Fig.  3c  shows  the  microstructure 
of  these  powders  milled  under  ARM1  conditions  for  35% 
TTR.  Based  on  the  grayscale  tone  within  the  particle,  small 
Ni  (light  gray)  and  Al  particles  (darker  gray)  can  be  differ¬ 
entiated  within  the  composite  powder  particles.  Void  space 
is  also  apparent  between  the  Ni  and  Al  particles,  which 
may  be  due  to  the  resistance  of  the  small  Ni  particles  to 
deformation  in  comparison  with  larger  particles.  In 
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Fig.  3d  the  microstructure  is  shown  for  identical  powders 
milled  under  ARM1  conditions  for  65%  TTR.  The  com¬ 
posite  particles  are  composed  fine  layers  of  Ni  and  Al 
and  there  are  no  signs  of  voids  as  in  Fig.  3c.  It  is  also 
apparent  that  the  distribution  of  components  is  more  uni¬ 
form  in  comparison  with  Fig.  3c. 

Fig.  4  shows  the  initial  powder  morphology  and  micro- 
structural  development  of  the  powders  milled  under  ARM2 
conditions.  In  comparison  with  Fig.  3,  the  Ni  particles  are 
about  20  times  larger  and  there  are  distinct  surface  asperi¬ 
ties  on  surface  of  the  larger  particles  in  Fig.  4a.  The  Al  par¬ 
ticles  in  Fig.  4b  are  approximately  20  times  smaller  than 
those  in  Fig.  3a  and  were  shipped  in  air.  The  smaller  parti¬ 
cles  may  introduce  a  higher  A1203  contamination  in  the 
milled  powders.  In  Fig.  4c  the  microstructure  is  shown 
after  milling  for  35%  TTR.  It  appears  that  the  large  Ni  par¬ 
ticles  were  deformed  much  more  than  the  5  pm  Ni  particles 
shown  in  Fig.  3a,  and  their  flattened  shape  resulted  in  com¬ 
posite  particles  without  gaps  between  the  constituents 
when  comparing  Figs.  4c  and  3c.  Despite  the  differences 
between  Figs.  3  and  4  for  a  milling  time  of  35%  TTR, 
the  particle  morphology  is  quite  similar  at  65%  TTR  when 
comparing  Figs.  4d  and  3d  in  terms  of  layer  thickness.  The 
major  difference  between  the  two  powders  (ARM1  and 


Table  3 

Experimental  results  for  milling  Ni  +  Al  powders.  Each  column  lists  the  milling  parameters  and  measured  results  of  the  repeated  experiments  to  determine 
the  average  time  to  reaction  (TTR)  and  the  standard  deviation  from  this  value. 


Variable 

Units 

Results 

Experiment  no. 

29 

43 

46 

32 

44 

47 

35 

45 

48 

Ball  diameter 

mm 

7.94 

7.94 

3.18 

Charge  ratio 

5.5:1 

2.5:1 

5.5:1 

Al  size11 

|rm 

59 

3.2 

3.2 

Ni  sizeb 

|rm 

10 

90 

90 

Controlled  Temperature 

°c 

21 

21 

32 

Time  to  reaction  (TTR) 

S 

9525 

10.951 

9400 

11,696 

12,534 

13,665 

12,700 

11,948 

11,946 

Average  TTR 

s 

9959 (862) 

12,632  (988) 

12,198  (435) 

AT 

°c 

24 

22 

21 

25 

23 

22 

22 

21 

21 

a  Al  particle  sizes  come  from  the  H50  and  H2  designation  from  Valimet  (H50:  50  vol.%  <  59  pm,  90  vol.%  <  90  pm.  H2:  50  vol.%<3.2pm,  90 
vol.%  <  6.8  pm). 

b  Ni  particle  sizes  are  averaged  from  the  manufacturer’s  specifications  (e.g.  10  and  90  pm  are  the  average  size  of  a  distribution  ranging  from  5-15  pm  and 
74-105  pm,  respectively. 


Table  4 

Milling  measurements  for  ARM1-ARM3  powders.  These  powders  were  milled  for  a  percentage  of  TTR  values  listed  in  Table  3. 


Experiment  no. 

Mass  balls  (g) 

Mass  Al  (g) 

Mass  Ni  (g) 

Mass  PCA  (g) 

Mill  Time  (%TTR)  (s) 

50 

56.75 

3.146 

6.849 

0.101 

3486  (35) 

51 

55.76 

3.146 

6.850 

0.101 

6480  (65) 

52 

25.91 

3.148 

6.851 

0.990 

4420  (35) 

53 

25.91 

3.151 

6.851 

0.100 

8210  (65) 

54 

54.99 

3.149 

6.850 

0.101 

4268  (35) 

55 

54.99 

3.150 

6.850 

0.100 

7920  (65) 

57 

55.90 

3.148 

6.846 

0.098 

3486  (35) 

58 

55.69 

3.150 

6.850 

0.097 

6472  (65) 

59 

25.91 

3.150 

6.852 

0.098 

4420  (35) 

60 

25.92 

3.144 

6.849 

0.099 

8210  (65) 

61 

54.99 

3.151 

6.856 

0.100 

4268  (35) 

62 

54.99 

3.148 

6.846 

0.095 

7928  (65) 
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Fig.  3.  Initial  powder  morphology  and  microstructural  evolution  of  powders  milled  under  ARM1  ball-milling  conditions  (see  Tables  1  and  4).  (a)  5-15  pm 
Ni  powder,  (b)  H50  Al  powder,  (c)  Unsieved  ARM1  powder  milled  for  35%  TTR  (58  min).  The  milled  particles  have  significant  porosity  and  some  of  the 
Ni  (light  gray)  particles  are  only  slightly  deformed,  (d)  Unsieved  ARM1  powder  milled  for  65%  TTR  ( 108  min).  The  porosity  observed  in  (c)  is  no  longer 
visible  and  the  Ni  particles  are  heavily  deformed. 


Fig.  4.  Initial  powder  morphology  and  microstructural  evolution  of  powders  milled  under  ARM2  ball-milling  conditions  (see  Tables  1  and  4).  (a  and  b) 
100  pm  Ni  particles  and  H2  Al  particles,  respectively,  (c)  Particle  morphology  for  the  powders  milled  for  74  min  (35%  TTR).  The  composite  particles  are 
flake-like  without  visible  porosity,  (d)  Powder  particles  milled  for  137  min  (65%  TTR).  The  laminate  structure  has  been  refined  and  the  Ni  is  well  dispersed 
throughout  the  particles. 


ARM2  powders)  is  that  the  Ni  layers  (light  gray)  are  much 
longer  than  in  Fig.  4d.  The  same  sized  powders  from  Fig.  4 
are  used  for  powders  milled  with  ARM3  conditions  where 
the  temperature  is  slightly  higher,  and  the  milling  media  is 
much  smaller  (i.e.  lower  mass).  The  evolution  of  the  micro¬ 
structure  in  this  case  is  shown  in  Fig.  5.  Powders  milled  for 
35%  TTR  show  a  similar  trend  as  in  Fig.  4c  where  the  Ni 
particles  are  elongated,  but  have  a  wavy  appearance,  which 
is  attributed  to  the  lower-energy  impacts  of  the  grinding 
media  being  unable  to  flatten  completely  the  initially  large 
Ni  particles.  The  layered  microstructure  in  Fig.  5b  shows 


significant  cracking  with  and  across  the  direction  of  the  lay¬ 
ers.  An  important  part  of  the  ball-milling  process  is  the 
fracture  of  particle  grains,  and  the  cracks  shown  here 
may  indicate  that  impact  conditions  may  be  insufficient 
for  complete  particle  fracture.  At  later  milling  times  the 
composite  Ni  +  Al  particles  appear  to  be  blended  much 
more  in  Fig.  5d,  but  Fig.  5a  shows  flattened  Ni  that  are 
not  bonded  to  any  Al.  In  Fig.  5d  the  microstructure  resem¬ 
bles  that  of  a  compaction  process  with  small  amounts  of 
cold  welding  in  comparison  with  Figs.  3  and  4  where  a 
finely  layered  microstructure  was  observed  for  longer  rnill- 
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Fig.  5.  Initial  powder  morphology  and  microstructural  evolution  of  powders  milled  under  ARM3  ball-milling  conditions  (see  Tables  1  and  4).  (a  and  b) 
Powder  microstructure  for  powders  milled  for  71  min  (35%  TTR)  with  small  (light)  milling  media.  The  initial  powders  are  identical  to  (a)  and  (b)  from 
Fig.  4.  Cracks  are  clearly  shown  in  larger  particle  agglomerates  shown  in  (b)  and  the  Ni  powder  is  flattened  into  jagged  rod  or  plate  forms,  (c  and  d) 
Powders  milled  for  132  min  (65%  TTR)  showing  further  reduction  of  Ni  particles.  However,  cracks  and  incomplete  cold-welding  is  apparent  in  the  large 
particle  depicted  in  (d). 


ing  times.  The  particles  milled  with  the  smaller  milling 
media  may  take  longer  to  process  into  fine  layered  struc¬ 
tures,  but  the  weakly  bonded  layers  are  also  signs  that  there 
may  be  a  lower  level  of  intermixing  at  the  interface  of  the 
two  layers.  This  point  may  be  important  for  powders  used 
for  their  energy  output  rather  than  the  resultant  intermetal- 
lic  and  is  discussed  in  the  thermal  analysis  [22], 

3.3.  Milling  energy  and  time  to  reaction 

The  total  energy  of  the  impacts  and  the  TTR  are  used  to 
differentiate  the  data  for  the  different  milling  conditions 
and  powder  sizes.  An  estimate  for  the  total  milling  energy 
per  gram  of  powder  is  [16,35]: 


where  Eb  is  the  impact  energy  of  a  single  collision,  nh  is  the 
number  of  balls,/*  is  the  frequency  of  impact,  t,.  is  the  mea¬ 
sured  TTR  and  mp  is  the  mass  of  the  powder.  In  Ref.  [36] 
the  ball  velocity  within  the  vial  generated  by  a  Spex®  8000 
high-energy  ball-mill  was  found  to  depend  on  its  size.  Fig.  5 
in  Ref.  [36]  shows  this  relationship  and  an  approximate 
expression  for  their  experimental  curve  for  ball  sizes  rang¬ 
ing  from  5  to  10  mm  is  t>*  =  4.3—160 dh,  where  the  ball 
velocity  vh  and  ball  diameter  db  have  units  of  (ms-1)  and 
(m),  respectively.  An  expression  for  the  impact  energy  of 
a  single  ball  is  Eb  =  1/2 (f>bmbv2b,  where  <f>b  is  proposed  in 
Ref.  [35]  as  an  efficiency  factor  related  to  the  number  of 
balls  in  the  vial.  Here,  we  use  a  similar  approach  where 
( j)b  is  the  ratio  of  the  volume  of  the  media  and  powder  to 
the  volume  of  the  empty  vial, 

0  _  1  mbnb  mp 

VvPh  ^/PNio.5Al0.5 

where  V„  =  66  cm 
Pb  =  8  g  cm 


sity  and  the  number  of  balls,  pNio5Ai05  =  5.17  g  cm'3  for  the 
Nio.5Alo.5  powder,  and  mp  is  the  mass  of  the  powder.  In 
Ref.  [37]  the  impact  frequency  was  measured  by  an  LVDT 
in  a  special  ball-milling  configuration  containing  only  one 
ball  for  grinding  media.  However,  since  we  are  using  multi¬ 
ple  balls  for  each  experiment  an  estimate  for  the  frequency 
of  impact  of  each  ball  is  fb  =  50  s~ 1  since  each  ball  must 
travel  to  one  flat  end  of  the  vial  and  back  each  cycle  and 
the  period  of  oscillation  of  the  vial  is  approximately 
25  s_1.  Eqs.  (1)  and  (2)  may  be  evaluated  from  the  data  pre¬ 
sented  in  Tables  1  and  2. 

Fig.  6  shows  the  total  energy  (Eq.  (1))  plotted  as  a  func¬ 
tion  of  the  TTR  scaled  by  the  charge  ratio  CR  =  mb!mp. 


Fig.  6.  The  total  energy  plotted  as  a  function  of  the  time  to  reaction  scaled 
by  the  charge  ratio.  The  slope  of  the  straight  line  is  given  by  Eq.  (3).  The 
points  above  this  line  marked  with  □  are  experiments  with  the  3.18  mm 
balls.  The  points  marked  with  x  and  y  indicate  that  the  5.56  mm  and 
7.94  mm  milling  media  were  used. 


(2) 

is  the  volume  of  the  vial,  mb, 
and  nb  are  the  mass  of  a  single  ball,  the  den- 
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The  constant  slope  of  the  straight  line,  S,  is  taken  from  Eq. 

(1): 

Ebnhfb  _fb(j>bv2b 

^  o’ 

'-'Rjflp  2 

which  is  the  relationship  between  the  amount  of  free  space 
within  the  vial  and  the  velocity  of  the  balls  for  a  given  fre¬ 
quency.  The  points  above  the  straight  line  in  Fig.  6  marked 
with  □  are  from  experiments  with  the  3.18  mm  balls.  The 
points  marked  with  x  and  y  indicate  experiments  where 
5.56  and  7.94  mm  milling  media  were  used.  The  position 
of  the  points  (□)  above  the  line  indicates  that  higher  total 
impact  energy  is  required  for  similar  reaction  times  using 
small  milling  media.  Points  below  the  line  indicate  that  less 
total  impact  energy  is  required  for  similar  reaction  times 
using  large  milling  media.  This  result  indicates  that  the 
use  of  larger  milling  media  produces  a  higher  defect  density 
in  contrast  to  the  smaller,  lighter  balls.  We  observe  that  the 
TTR  depends  on  the  energy  per  impact  separate  from  the 
total  impact  energy. 

3.4.  Analysis  of  variance  (ANOVA)  of  the  designed 
experiments 

The  TTR  and  the  change  in  temperature  due  to  the  reac¬ 
tion  were  measured  for  each  experiment  in  Table  1  and  are 
listed  in  Table  2.  There  are  seven  variables  present  in  the 
design  of  experiments  and  the  analysis  of  variance  sepa¬ 
rates  the  total  variability  into  its  component  parts  using 


Design  Expert  software  [34],  Table  5  lists  the  component 
variability  for  two  different  linear  statistical  models  that 
predict  the  TTR  and  the  change  in  temperature  during 
intermetallic  formation.  The  final  model  for  the  TTR  is: 

tr  =  —20000c/*  -  2000r*p  +  700m, ,  +  100TC  +  l()dAl 

+  1000000 mpcA/mp,  (4) 

where  tr  is  the  TTR  (s),  dh  (mm)  is  the  diameter  of  the  mill¬ 
ing  media,  rhp  is  the  balkpowder  ratio,  mp  (g)  is  the  mass  of 
the  powder,  Tc  (°C)  is  the  control  temperature,  dM  (pm)  is 
the  nominal  size  (diameter)  of  the  Al  powder  and  mPCA  (g) 
is  the  mass  of  the  process  control  agent.  The  variation  in 
size  of  the  Ni  powder  was  not  statistically  significant  in  this 
model  and  was  not  included  in  Eq.  (4).  Eq.  (4)  indicates 
that  the  diameter  of  the  balls  and  the  balkpowder  ratio 
are  the  only  two  factors  contributing  to  shorter  milling 
times.  This  was  also  discussed  in  the  previous  section  where 
the  deviation  of  the  data  above  or  below  Eq.  (3)  in  Fig.  6 
was  related  to  the  size  of  the  milling  media  and  indicated 
a  dependence  of  single  ball  collision  energy  rather  than 
sum  total  of  impact  energy  through  the  ball-milling  pro¬ 
cess.  It  is  interesting  that  although  the  control  temperatures 
were  not  varied  greatly,  with  respect  to  cryogenic  milling 
with  liquid  nitrogen,  greater  milling  time  is  required  for  ini¬ 
tiation  of  a  self-sustained  high-temperature  synthesis  of 
NiAl  for  higher  vial  wall  temperatures. 

The  results  shown  in  Fig.  2  were  also  used  to  derive  a 
model  that  predicts  the  temperature  change  due  to  interme¬ 
tallic  formation: 


Table  5 

Analysis  of  variance  (ANOVA)  of  the  measured  time  to  reaction  (TTR)  and  the  change  in  vial  temperature  due  to  intermetallic  formation  from  Table  2  for 
the  designed  experiments  (DOE)  in  Table  1.  Column  3  gives  the  standard  error  of  each  term,  in  their  respective  units,  in  Eqs.  (4)  and  (5).  Columns  2  and  4— 
7  are  given  in  terms  of  “coded”  factors  which  scales  the  range  of  each  variable  from  —1  to  +1. 


Source 

Sum  of  squares 

Std.  error  of  term 

Degrees  of  freedom 

Mean  square 

E-value 

P-value 

TTR-Model 

3.24  x  10s 

6 

5.40  x  107 

98.6 

<1.0  x  10~4 

Constant 

±3000 

A  -  (db)  ball  diameter 

2.51  x  107 

±3000 

1 

2.51  x  107 

45.9 

3.0  x  10~4 

B  -  (rbp)  charge  ratio 

9.04  x  107 

±200 

1 

9.04  x  107 

165 

<1.0  x  10~4 

C  -  (mp)  powder  mass 

8.09  x  107 

±60 

1 

8.09  x  107 

148 

<1.0  x  10~4 

D  -  ( Tc)  temperature 

6.32  x  106 

±30 

1 

6.32  x  106 

11.5 

1.2  x  10~2 

E  -  (d\\)  Al  size 

1.94  x  107 

±13 

1 

1.94  x  107 

35.4 

6.0  x  10~4 

G  -  ( mPCA/mp)%  PCA 

2.80  x  107 

±20,000 

1 

2.80  x  107 

51.1 

2.0  x  10~4 

Residual 

3.84  x  106 

- 

7 

5.48  x  105 

- 

- 

Pure  error 

3.81  x  106 

- 

6 

6.35  x  105 

- 

- 

Total 

3.28  x  10s 

- 

13 

- 

- 

- 

AT-Model 

740 

7 

106 

63.4 

<1.0  x  10~4 

Constant 

±2 

A  -  (db)  ball  diameter 

27.2 

±8 

1 

27.2 

16.3 

6.8  x  10~3 

B  -  (rbp)  charge  ratio 

9.82 

±0.5 

1 

9.82 

5.89 

5.1  x  10~3 

C  -  (mp)  powder  mass 

65.7 

±0.3 

1 

65.7 

39.4 

8.0  x  10~4 

D  -  ( Tc)  temperature 

13.5 

±0.05 

1 

13.5 

8.10 

2.9  x  10~3 

E  -  (rfA!)  Al  size 

13.1 

±0.05 

1 

13.1 

7.83 

3.1  x  10~3 

F  -  (rfNi)  Ni  size 

12.6 

±0.01 

1 

12.6 

7.54 

3.4  x  10~3 

G  -  (mPCA/mp)%  PCA 

13.9 

±30 

1 

13.9 

8.36 

2.8  x  10~3 

Pure  error 

10.0 

- 

6 

1.67 

- 

- 

Total 

750 

- 

13 

- 

- 

- 
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AT  =  -17  +  34dh  +  1.2rbp  +  1.8  mp  +  0.15TC 

—  0.16<iAi  —  0.04dNi  —  90hipca/;w/, ■  (5) 

It  is  interesting  that,  in  contrast  to  Eq.  (4),  the  initial  size  of 
the  Ni  particles  is  a  significant  factor  in  this  model  (see  Ta¬ 
ble  5).  Also,  there  is  a  dependence  of  the  powder  mass  in 
three  of  the  terms  (rbp,  mp,  mPCA/mp)  that  balance  one  an¬ 
other,  but  the  powder  mass  is  the  most  significant  factor  in 
the  expression.  The  diameter  of  the  milling  media  (dh),  the 
particle  sizes  (c/Ai,  dNi)  and  the  controlled  temperature  ( Tr) 
contribute  to  the  decrease  in  measured  temperature  during 
intermetallic  formation.  Eq.  (5)  indicates  that  the  use  of 
small  Al  particles  are  more  important  than  small  Ni  parti¬ 
cles  with  respect  to  greater  thermal  output.  The  standard 
error  of  each  term  in  Eqs.  (4)  and  (5)  are  given  in  Table  5 
in  their  respective  units. 

3.5.  Thermal  analysis 

Results  from  differential  scanning  calorimetry  (DSC)  are 
shown  in  Fig.  7  for  ARM1-ARM3  powders  milled  for  (a) 
35%  TTR  and  (b)  65%  TTR.  The  first  sign  of  intermetallic 
formation  occurs  at  240  and  220  °C  for  (a)  and  (b),  respec¬ 
tively.  This  is  probably  due  to  the  NiAl3  reaction,  which  is 
known  to  be  the  first  meta-stable  intermetallic  formed  fol¬ 
lowed  by  Ni2Al3  then  NiAl  [10,23].  Is  should  be  mentioned 
that  there  is  no  sign  of  the  first  major  endothermic  peak  from 
stearic  acid  at  67  °C,  which  indicates  that  contamination 
from  the  PCA  is  not  readily  observed  in  thermal  analysis  [38]. 


Fig.  7.  DSC  results  for  the  milled  powders,  (a)  Powders  from  Experiments 
50,  51  and  52  using  ARM1,  ARM2  and  ARM3  conditions  are  compared 
where  each  is  milled  for  35%  TTR.  The  initiation  temperature  is  not 
clearly  defined,  but  is  estimated  to  be  between  400  and  450  °C.  (b)  Powders 
from  Experiments  53,  54  and  55  using  ARM1,  ARM2  and  ARM3 
conditions  are  compared  where  each  is  milled  for  65%  TTR.  Two  distinct 
reactions  are  present,  indicating  the  difference  in  reaction  kinetics  as  a 
function  of  milling  time  for  similar  powders.  All  scans  produced  using  a 
heating  rate  of  20  K  min~'  with  1 10  ml  min-1  Ar  flow. 


The  powders  with  the  highest  thermal  output  per  gram 
milled  to  35%  and  65%  TTR  are  those  prepared  with 
ARM1  conditions  (Experiments  50  and  53),  which  are 
shown  in  Fig.  3.  In  this  case,  the  Al  powder  was  much  lar¬ 
ger  than  for  the  ARM2  and  ARM3  powders.  However,  the 
total  milling  time  of  the  ARM1  powder  is  20%  less  than  the 
other  two  powders.  It  is  possible  that  the  milling  time 
accounts  for  part  of  the  discrepancy,  but  the  small  Al  par¬ 
ticles  initially  have  25  times  more  surface  area  coated  with 
an  oxide  layer  that  is  incorporated  into  the  powder,  which 
is  another  possibility. 

The  DSC  curves  for  powders  milled  under  ARM2 
(Experiments  51  and  54)  and  ARM3  (Experiments  52 
and  55)  conditions  are  approximately  the  same  at  times 
corresponding  to  35%  TTR,  but  ARM3  releases  less  total 
energy  than  ARM2  in  Fig.  7b.  It  was  shown  in  Fig.  5d  that 
the  level  of  cold-welding  was  less  significant  than  in  Figs.  3 
and  4  due  to  the  size  of  the  milling  media.  One  possibility 
for  the  lower  thermal  output  of  ARM3  in  Fig.  7b  is  that 
there  is  poor  mechanical/thermal  contact  at  the  interface 
of  the  particles  (see  Fig.  5d),  which  requires  more  energy 
to  complete  the  reaction.  Despite  the  differences  between 
the  magnitudes  of  the  DSC  data,  the  initiation  tempera¬ 
tures  of  the  reactions  are  quite  similar  between  these  pow¬ 
ders  milled  under  three  different  conditions.  This  suggests 
that  similar  reaction  initiation  responses  can  be  expected 
from  thermal  analysis  for  powders  milled  to  similar  TTR 
percentages. 

3.6.  X-ray  diffraction  results 

Fig.  8  compares  powder  XRD  measurements  for  six 
powders  milled  under  ARM1-ARM3  conditions  and  one 
from  Experiment  29  (reacted)  shown  at  the  bottom  of  each 
subfigure.  In  Fig.  8a  the  top  three  scans  are  from  powders 
listed  in  Table  4  as  Experiments  57  (blue),  59  (red)  and  61 
(black),  corresponding  to  ARM1-ARM3  conditions  milled 
to  35%  TTR.  The  middle  three  scans  are  from  Experiments 
58  (blue),  60  (red)  and  62  (black),  corresponding  to 
ARM1-ARM3  conditions  milled  to  65%  TTR.  There  is 
negligible  alloy  formation  for  the  data  corresponding  to 
milling  times  of  35%  and  65%  TTR  and  the  scan  for  the 
reacted  powder  (i.e.  Experiment  29)  shows  that  the  powder 
is  composed  almost  entirely  of  NiAl.  This  was  observed  in 
Refs.  [4,16]  where  it  is  reported  that  continuous  milling 
may  produce  alloying  at  the  grain  scale,  but  self-propagat¬ 
ing  reactions  indicated  by  post-mortem  appearance  of 
nickel  aluminides  in  XRD  scans  were  very  sudden.  How¬ 
ever,  increased  milling  time  broadened  and  decreased  the 
height  of  the  individual  Ni  and  Al  peaks.  In  Ref.  [39], 
XRD  peak  aberrations  are  attributed  to  various  sources 
of  strain.  Comparing  the  powders  milled  for  35%  TTR, 
the  full-width-half-maximum  values  for  ARM  1  are  greater 
than  for  ARM2  or  ARM3  powders  at  almost  every  major 
peak.  This  indicates  either  a  higher  dislocation  density  or 
smaller  crystallite  size,  but  may  also  be  characteristic  of 
the  starting  powders  (i.e.  small  Ni  particles).  Comparing 
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Fig.  8.  XRD  scans  for  six  powders  milled  under  ARM1-ARM3  conditions  and  one  from  Experiment  29  (reacted)  shown  at  the  bottom  of  each  subfigure, 
(a)  The  top  three  scans  are  from  powders  listed  in  Table  4  as  Experiments  57  (blue),  59  (red)  and  61  (black),  corresponding  to  ARM1-ARM3  conditions 
milled  to  35%  TTR.  The  middle  three  scans  are  from  Experiments  58  (blue),  60  (red)  and  62  (black),  corresponding  to  ARM1-ARM3  conditions  milled  to 
65%  TTR.  The  top,  middle  and  bottom  scans  are  shifted  arbitrarily  for  comparison,  (b)-(e)  The  same  seven  scans  are  plotted  and  shifted  vertically  to 
highlight  the  difference  in  four  different  Bragg  peaks.  The  □,  v  and  *  indicate  the  presence  of  Al,  Ni  and  NiAl,  respectively.  (For  interpretation  of  the 
references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


the  powders  milled  for  65%  TTR,  the  peak  widths  are 
approximately  equal  for  26  =  37-54°,  but  a  slight  difference 
in  asymmetric  peak  broadening  indicates  different  levels  of 
dislocations,  stacking  faults,  twinning  and  crystallite  size. 
An  investigation  of  the  effects  of  ball-milling  NiAl  powder 
powders  beyond  SHS  can  be  found  in  Ref.  [21]. 


4.  Discussion 

The  DSC  data  shows  a  dependence  of  the  thermal  per¬ 
formance  on  microstructure.  In  applications  where  ARM 
materials  are  being  produced  for  potential  chemical  energy 
sources  with  rapid  heat  production,  the  rate  of  reaction  and 


Fig.  9.  BEC  image  of  partially  reacted  powder  agglomerate  for  Experiment  29.  (a)  The  bottom  portion  is  NiAl,  the  darker  gray  is  Al  and  the  light  gray  is 
Ni.  The  NiAl  is  shown  as  small  separated  grains  at  the  bottom  of  the  figure.  The  reaction  propagation  moved  from  the  bottom  to  the  top  of  the  image 
before  being  arrested,  (b)  A  small  amount  of  powder  is  completely  surrounded  by  intermetallic  NiAl.  The  reaction  stopped  along  the  right  side  through  the 
separate  surfaces,  but  the  propagating  reaction  ceased  during  reaction  on  the  left,  (c)  Arrested  reaction  within  a  particle  where  there  is  a  clear 
concentration  gradient  from  Ni  to  NiAl. 
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total  energy  output  are  more  important  than  the  resulting 
intermetallic.  This  means  that  the  processing  conditions 
must  balance  the  size  and  size  distribution  of  the  layered 
microstructure,  the  interfacial  mixing  between  components 
(see  Figs.  3-5)  as  well  as  the  defect  density  in  the  constitu¬ 
ent  materials  if  the  reaction  of  the  powders  are  to  be 
mechanically  initiated.  Additionally,  the  process  of  particle 
size  reduction  by  high-energy  ball-milling  is  capable  of  pro¬ 
ducing  layer  thickness  on  the  order  of  tens  of  nanometers, 
while  the  particle  sizes  may  be  on  the  order  of  10-100  pm. 
This  reduces  the  need  to  initially  use  ultrafine  particles  for 
further  reduction  since  the  oxide  layer  may  be  considered  a 
non-negligible  contaminant  for  particles  that  are  suffi¬ 
ciently  small. 

Fig.  9  shows  three  instances  of  partially  reacted  particles 
from  Experiment  29.  The  compositions  indicated  in  this 
figure  were  identified  by  the  EDS  at  different  points  within 
the  image.  The  arrows  pointing  to  NiAl  correspond  to 
places  where  there  is  a  1:1  ratio  of  Ni  and  Al  by  atomic  per¬ 
centage.  In  addition  to  the  composition  provided  by  the 
EDS,  Fig.  8  shows  that  the  powder  from  Experiment  29 
is  composed  almost  entirely  of  NiAl.  The  arrows  point  to 
singular  compositions  of  Ni  and  Al,  which  had  the  lightest 
and  darkest  gray  tones,  respectively.  The  NiAl  color  corre¬ 
sponds  to  a  gray  tone  between  Ni  and  Al.  These  three 
examples  typify  the  occurrence  of  partially  reacted  particles 
observed  in  the  other  reacted  powders  (see  Fig.  2).  In 
Fig.  9a  an  intermetallic  reaction  has  occurred,  producing 
NiAl  (at  the  bottom)  and  consuming  layered  material 
ahead  of  the  SHS  reaction.  It  is  interesting  that  there  is 
no  visible  barrier  indicating  the  cause  of  the  arrested  reac¬ 
tion.  For  example,  the  reaction  did  not  simply  reach  a 
crack  in  the  particle  or  a  band  of  Ni  or  Al.  Void  space  is 
visible  in  the  bottom  of  Fig.  9a,  on  the  right  side  of 
Fig.  9b  and  throughout  the  particle  shown  in  Fig.  9c.  This 
volume  contraction  is  due  to  the  difference  in  density 
between  mixed  Ni  +  Al  (5.17  gem-3)  and  the  compound 
NiAl  (5.85  gem-3)  [4,40,41],  In  Fig.  9a  this  void  space  on 
the  bottom  half  of  the  figure  indicates  the  reaction  has 
ceased  despite  the  appearance  of  thermal  contact  between 
the  NiAl  formations  and  unreacted  material.  Fig.  9b  shows 
unreacted  material  that  is  completely  surrounded  by  NiAl. 
On  the  left  side  of  the  unreacted  material  the  spatial  grada¬ 
tion  of  grayscale  tone  corresponds  to  compositional  differ¬ 
ences  from  NiAl  to  Al  or  Ni  and  there  is  a  clear  separation 
of  material  on  the  right  side  of  the  unreacted  portion.  Both 
Fig.  9a  and  b  shows  arrested  reaction  within  grains  where 
the  reaction  likely  ceased  due  to  the  insufficient  heating  of 
the  unreacted  material  by  NiAl. 

Fig.  9c  shows  an  arrested  reaction  where  the  particle  has 
excess  Ni.  Ni-rich  bands  are  shown  adjacent  to  NiAl  where 
the  grayscale  indicates  concentration  gradients.  While  Ni- 
rich  compounds  have  been  synthesized  by  ball-milling,  this 
particular  particle  may  require  further  reduction  in  crystal¬ 
lite  size  for  the  subsequent  reaction  to  occur  [9]. 

The  details  shown  by  Fig.  9  elucidate  the  processes 
occurring  during  explosive  reaction  within  ball-milled  par- 
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tides.  The  partially  reacted  grains  suggest  that  the  compos¬ 
ite  particles  are  forming  an  intermetallic  between  layers 
within  the  particle  and  not  at  the  grain  scale. 

5.  Conclusions 

The  measured  TTR  and  change  in  temperature  during 
SHS  of  NiAl  were  investigated  with  powders  composed 
of  equiatomic  Ni  +  Al  of  different  sizes  processed  under 
different  milling  conditions  specified  by  statistically 
designed  experiments.  Ball-milling  conditions  and  powder 
particle  sizes  of  Al  +  Ni  powders  were  varied  and  linear 
statistical  models  predicting  the  TTR  and  the  change  in 
temperature  (A7j  were  found.  The  times  required  to 
observe  SHS  with  different  combinations  of  the  powders 
and  ball-milling  conditions  vary  by  almost  an  order  of 
magnitude.  The  TTR  depends  on  the  energy  per  impact 
as  distinct  from  the  total  impact  energy.  Comparisons  of 
powders  milled  to  times  corresponding  to  percentages  of 
their  averaged  TTR  show  similar  reaction  initiation  tem¬ 
peratures  despite  the  difference  in  total  milling  time.  Sev¬ 
eral  distinct  arrested  reactions  within  the  powder  grains 
show  explosive  reactions  with  rapid  solidification  or  incom¬ 
plete  diffusion  of  Ni  into  Al,  forming  porous,  partially 
reacted,  Ni-rich  layered  structures.  The  partially  reacted 
grains  suggest  that  the  composite  laminate  particles  are 
not  forming  intermetallic  on  the  grain  scale,  but  on  the 
localized  scale  between  layers. 
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